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Introduction 

One important aspect of climate processes of the 
Earth is an understanding of the radiative exchange 
between the Earth, the Sun, and the atmosphere. 
Before the age of satellites, ground-based observa- 
tions were made to  determine the radiation balance. 
One of the first studies of the radiation balance of 
the Earth was done by Simpson (1928). London 
(1957) made one of the most comprehensive stud- 
ies of the radiation balance before satellites began 
making measurements. 

Measurements from the U.S.’s first satellites were 
used to study the Earth’s radiation budget. The 
development of the Earth radiation budget observa- 
tional system evolved from the early 1960’s to the 
present with the overall advancement of rocket and 
spacecraft technology. An excellent review of the his- 
tory of satellite missions for measuring the Earth’s 
radiation budget is given by House et al. (1986). 

During the period from 1964 through the 1970’s, 
a number of research satellites of the Nimbus series 
were flown to study experimental concepts in the 
atmospheric sciences. One of the concepts tested 
was the Earth radiation budget (ERB) experiment 
(Smith et al. 1977 and Jacobowitz et al. 1979) which 
was included in the payloads of the Nimbus 6 and 
Nimbus 7 satellites. The Nimbus 6 satellite was flown 
in June 1975, and in November 1978 an ERB instru- 
ment was flown aboard the polar orbiting Nimbus 7 
satellite. This experiment provided measurements of 
the radiation entering and exiting the Earth atmo- 
sphere system. 

For more than 7 years the Nimbus 7 operated in 
a continuous mode to  provide the research scientist 
with an ongoing record of Earth radiation measure- 
ments. This 7-year time series data base is one of the 
largest continuous records for studying the Earth’s 
radiation balance that is available from satellite data. 

The ERB experiment was launched into a nearly 
circular Sun-synchronous Earth orbit aboard the 
Nimbus 7 satellite in November 1978 and operated 
through the spring of 1986. The ERB instrument 
package flown on the Nimbus 7 satellite included two 
Earth-viewing wide-field-of-view (WFOV) radiome- 
ters, one of which measured total irradiance and the 
other of which measured shortwave (SW) irradiance. 
The difference between the two (Total - SW) is the 
outgoing longwave radiation (OLR). These WFOV 
radiometers viewed the entire Earth’s disk from the 
Nimbus 7 satellite, which had an altitude of 955 km 
and Equator crossing times near 12:OO a.m. (noon) 
and 12:OO p.m. (midnight). The SW channel had a 
spectral range of 0.2 to 3.8 pm, and the total channel 
measured the irradiance from 0.2 to 50+ pm. The 

first data were taken by Nimbus 7 on November 16, 
1978. Nimbus 7 continued to  collect usable Earth 
radiation data through April 1986, providing a con- 
tinuous 7-year data set. 

This paper is an atlas which contains monthly av- 
eraged OLR results estimated at the top of the atmo- 
sphere (denoted by TOA and defined herein to  be an 
altitude of 30 km) for the 7 years of Nimbus 7 oper- 
ation spanning the time period from November 1978 
to  October 1985. A number of researchers have an- 
alyzed and published selected results of the WFOV 
broadband OLR measurements from the Nimbus 7 
ERB radiometers. Jacobowitz and Tighe (1984) pub- 
lished a study of the first year of the Nimbus 7 radi- 
ation budget data set. Their study included an anal- 
ysis of OLR results which spanned the time period 
from November 1978 to October 1979. They made 
comparisons of the WFOV OLR with the scanning 
narrow-field-of-view (NFOV) radiometers. Limited 
simultaneous comparisons were also made between 
the ERB results and those from the NOAA-7 oper- 
ational satellite. Kyle, Ardanuy, and Hucek (1986) 
and Ardanuy and Kyle (1986) published results of a 
41-month subset of the OLR data set that  included 
contour maps of OLR and monthly averaged anomaly 
maps defined in terms of departures from the clima- 
tology for the month. The main emphasis of their 
study was the analysis of the broadband daytime 
longwave radiation data set with respect to  the tem- 
poral and spatial evolution of the El Nino/Southern 
Oscillation anomalies in 1982 and 1983. 

The purpose of this atlas is to document all the 
WFOV OLR results from 7 years of Nimbus 7 op- 
eration in a form that allows analysis of the radi- 
ation field of the Earth. The measurements have 
been adjusted with the correction factor from Kyle, 
Ardanuy, and Hurley (1985). The results contained 
in this atlas were derived with a deconvolution (Le., 
a resolution enhancement) technique which repre- 
sented the WFOV monthly averaged OLR as an ex- 
pansion of spherical harmonic coefficients (Smith and 
Green 1981). Tables of these coefficients along with 
monthly averaged contour maps of OLR results for 
7 years are included. 

The results documented in this atlas are impor- 
tant for a number of reasons. One relates to  the data, 
which are both broadband and WFOV data. Because 
the measurements are broadband, the ERB radiome- 
ters offer some significant advantages over the instru- 
ments aboard NOAA operational-type polar orbiting 
satellites, which measure upwelling radiation in the 
narrow spectral regions (0.5 to  0.7 pm in the visible 
region and 10.5 to  12.5 pm in the infrared region). 
Winston et al. (1979) published an atlas which doc- 
umented 4 years of OLR results from the scanning 



radiometer (SR) on the NOAA operational satellites. 
Janowiak et al. (1985) also published an atlas of OLR 
results derived from NOAA operational satellite data 
which covered the time period from June 1974 to 
November 1983. The primary disadvantage of mea- 
surements made by NOAA operational satellites is 
that measurements are made in narrow spectral re- 
gions which must then be empirically corrected to es- 
timate the broadband OLR. Their big advantage is 
their very high spatial resolution compared with the 
WFOV radiometer, which is limited to large scales. 

The WFOV instrument is also well suited for 
measuring large-scale features since its field of view 
is such that the instrument measures all incident 
radiation from horizon to  horizon. Herein lies one 
of its advantages since the measured radiation is 
integrated over a broad variation of angles, and thus 
is less sensitive to directional models than are data 
nieasured by narrow-field-of-view radiometers. 

In regards to stability of instruments, scanning 
radiometers and fixed- WFOV radiometers tend to  be 
very stable over time in the infrared region of the 
spectrum, but they experience degradation in the 
SW region. However, because of their mechanical 
simplicity, fixed- WFOV radiometers typically have 
greater longevity than do scanning radiometers. For 
instance, the fixed-WFOV radiometer on Nimbus 6 
operated uninterruped for 3 years, and the Nimbus 7 
fixed- WFOV radiometer has been operational for 
over 7 years. 

In addition to the data being broadband and 
WFOV, the method of representing the data using 
spherical harmonics is important. The spherical har- 
inonic coefficient data set for each month represents 
a condensation of the OLR field. Some of these co- 
efficients have a physical interpretation attached to 
them. These coefficients may be analyzed individu- 
ally or in combination to study different aspects of 
the radiation field. The results from Nimbus 7 also 
represent the continuation of a long-term time se- 
ries of OLR for the ERB WFOV-type instruments 
that began with 3 years of data from Nimbus 6 (Bess 
and Smith 1987). Thus, the 3-year data base from 
Nimbus 6 plus the 7-year data base from Nimbus 7 
give a time series of OLR results covering 10 years. 
This time series data will be very valuable for doing 
monthly, annual, and interannual studies of OLR. 
The authors are grateful to H. L. Kyle of the NASA 
Goddard Space Flight Center and H. Jacobowitz of 
NOAA for providing the Nimbus 7 data tapes which 
made this research possible. Also, many thanks to 
T. P. Charlock, J. J. Buglia, and W. F. Staylor for 
their many suggestions and to  M. A. llioerner for her 
programming help along the way. 

Data Processing and Analysis 

The 7 years of ERB WFOV irradiance data from 
the Nimbus 7 satellite covering the time period from 
November 1978 to October 1985 were supplied by 
the Nimbus 7 Project. Only the OLR data are 
documented in this atlas. 

The nominal duty cycle of the ERB radiometer 
on Nimbus 7 was 3 days on and I day off. When the 
radiometer was turned on, measurements were taken 
at  4-sec intervals along the orbital track. The data 
tapes supplied by NOAA contain data reduced by 
averaging four consecutive measurements, resulting 
in one averaged value every 16 sec. 

Although the Nimbus 7 ERB radiometer was ini- 
tially constrained to operate on a duty cycle of 3 days 
on followed by 1 day off, this constraint was relaxed 
in September 1983 because of the failure of two other 
experiments, and the ERB radiometer operated with- 
out interruption most of the time except in the sum- 
mer and fall of 1984, when the regular duty cycle of 
3 days on and 1 day off was in effect. The sampling 
strategy of 3 days on and 1 day off normally tends 
to change the true radiant exitance. However, the 
absence of a continuous daily data set did not seri- 
ously constrain monthly averaged WFOV data since 
the data were smoothed in the averaging process over 
1 month and over the large spatial area of the WFOV 
radiometer. Green and Smith (1978) looked at the 
temporal variation over six duty cycles of 2 days each 
for 1 month of Nimbus 6 data. Their results showed 
very little change from one duty cycle to another on 
a global and zonal scale. Small changes occurred for 
some regions. 

The other inherent sampling bias characteristic 
of all Sun-synchronous polar orbiting satellites is 
that they measure OLR at only two local times. 
For Nimbus 7, 12:OO a.m. (noon) and 12:OO p.m. 
(midnight) were the equator crossing times. Because 
of this sampling bias, diurnal variations cannot be 
studied. 

These tapes were processed by taking daily mea- 
surements and averaging over l month and over 5' 
increments in latitude that formed an igloo-type grid 
system of near-equal-area regions. The igloo grid 
system is symmetrical about the Equator and has 
3 grids at  the polar regions from 85' to 90' latitude 
arid 72 grids at  the equatorial region from 0' t o  5' 
latitude. Figure 1 is a sketch of the igloo grid system 
for the Northern Hemisphere showing the number of 
grids in each 5' latitude region. The total number of 
near-equal-area grids is 827. The igloo grid system 
is symmetrical about the Equator, giving a total of 
1654 grids over the Earth. 
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Figure 1. Igloo grid system for near-equal-area grids show- 
ing number of grids in each 5' zone for Northern 
Hemisphere. 

Some corrections and editing had to  be made 
to  the ERB WFOV measurements before they were 
suitable for data analysis. Sun contamination is a 
problem which occurs near sunrise and sunset with 
the WFOV radiometer because the field of view is 
larger than the Earth's disk, and hence it views the 
Sun directly. Measurements were eliminated when 
the solar zenith angle at the nadir (or subsatellite) 
point was between 99' and 123'. This was the 
range of angles used previously by other investiga- 
tors when analyzing Nimbus 7 ERB WFOV data 
(Kyle et al. 1984). With the range of solar zenith 
angles specified by the Nimbus 7 investigators, it was 
found that another possible source of error in OLR 
measurements, caused by a thermal transient in SW 
measurements because of irradiance of the sensor at 
spacecraft sunset, was eliminated. Other editing had 
to  be performed occasionally because of anomalies 
i n  the data that have been well documented (Bess, 
Green, and Smith 1981). 

The first 5 years of archived measurements from 
Nimbus 7 were adjusted by applying a correction 
factor (Kyle, Ardanuy, and Hurley 1985) which was 
based on an improved WFOV calibration algorithm 
used to produce measurements from years 6 and 7 of 
the Nimbus 7 data set. The calibration adjustment 
evolved from what is known as the Pacific adjust- 
ment procedure. After the failure of the scanner on 
Nimbus 7 in June of 1980, the WFOV total chan- 
nel was used as a comparison standard for the SW 
channels, and the comparison was made while the ra- 
diometer was viewing the central Pacific Ocean. The 
calibration adjustment is based on the use of global 
averages as a comparison standard, which corrected 
some of the shortcomings of the Pacific procedure. 
The correction factors resulted in a reasonably homo- 
geneous 5-year ERB WFOV data set and increased 

the emitted longwave flux by about 8 to 11 W/m2. 
The day and night emitted fluxes were also more 
consistent with those observed with the ERB NFOV 
scanner. 

After the measurement data were corrected for er- 
rors and were time- and space-averaged to  obtain re- 
gional monthly averages, a deconvolution (resolution 
enhancement) technique was applied to  represent the 
radiant exitance at the TOA by a truncated series of 
spherical harmonics. The deconvolution technique 
takes advantage of the fact that  spherical harmonics 
are the eigenfunctions of the measurements opera- 
tor and reduces the radiant exitance field from satel- 
lite altitude to TOA by dividing by the appropriate 
eigenvalues. All the results in this atlas are based 
on this deconvolution technique, which has been well 
documented (Smith and Green 1981 and Bess, Green, 
and Smith 1981). 

The governing equation from which the monthly 
spherical harmonic coefficients were produced is 

N n  

n=O m=O 

where M ( 0 ,  4, t )  is the measurement at the TOA, 0 is 
colatitude, 4 is the longitude, t is the time, and P," is 
the associated Legendre polynomial of degree n and 
order m. The terms C z ( t )  and S,"(t) are the even 
and odd real spherical harmonic coefficients, and the 
normalizing factor is 

N," = [(2n + 1)(n - m)!(2 - 6(y)/(n + m ) ! p  

where 6(y is the Kronecker delta function. 

Discussion of Results 
Included in this atlas are spherical harmonic 

coefficients and associated global contour maps of 
84 months of Nimbus 7 ERB WFOV outgoing long- 
wave radiation results. It is not the intent in this 
atlas to  do an in-depth analysis of the data but t o  
compile and document the spherical harmonic coef- 
ficients and the associated contour maps which can 
then be used to  do many kinds of valuable analysis. 

Each table in this atlas contains a set of spher- 
ical harmonic coefficients for 1 month of mean val- 
ues. Results are for a spherical harmonic expansion 
truncated to 12th degree. For such a 12th-degree ex- 
pansion, 169 coefficients are required to  specify the 
radiation field. The coefficients above the stair-step 
line are the 78 sine terms. With the exception of the 
first column, the coefficients below the stair-step line 
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are the 78 cosine terms. The first colunin contains 
the 13 zonal terms. The sine and cosine terms repre- 
sent the nonaxisymmetric terms and give a measure 
of longitudinal variation. The format of the tables 
makes it very easy to pick off any coefficient. The 
superscript rn is the longitudinal wave number or 
order and n represents the degree of the spherical 
harinoiiic. Thus, i n  the first column, which repre- 
sents the zonal terms, rn is 0 arid 12 ranges from 0 to 
12. Physical interpretations can be associated with 
some of the zonal terms. Thus, C! is the global aver- 
age. Cy is a measure of hemispherical or pole-to-pole 
differelice, and Cg is a measure of Equator-to-pole 
gradient. It has been shown that over 80 percent of 
the degree variance is in the zonal terms (Smith and 
Bess 1983). This variance is because at  large scales, 
Earth-emitted radiation is strongly dependent on 
1 at i t ude. 

The monthly averaged spherical harmonic data 
sets can be used in a variety of ways to study the OLR 
011 regional, zonal, and global scales in the spatial 
donlain and on monthly, annual, and interannual 
scales in  the t i m e  domain .  Onc application is to 
model the global radiation field. The advantage of 
such models is that they can represent large data sets 
with relatively few parameters. Another advantage 
of a spherical haririonic representation is that it 
provides a mathematical structure that permits one 
to study separately the latitudinal variations using 
the zonal coefficients and the longitudinal variations 
and wave properties using tesseral coefficients. In 
short, spherical harmonic representat ion allows the 
radiation field to be broken into its component parts, 
which can then be studied separately or in various 
combinations. For example, the coefficients are well 
suited for time series analysis, spatial spectra studies, 
arid parameterization studies (Smith and Bess 1983 
and Short et al. 1984). 

I n  this atlas each spherical harmonic coefficient 
set has a companion monthly averaged global contour 
map of OLR. The OLR less than 240 W/m2 is shown 
as dotted contour lines. The contour interval is 
10 W/in2, and highs and lows are shown. These 
coiitour maps give a “quick look” of how the OLR is 
varying over monthly, annual, and interannual time 
scales. With their associated sets of harmonic coef- 
ficients, they form a valuable data set for studying 
many different aspects of our changing climate. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
July 9, 1987 
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